Stepped weirs and dam spillways have been increasingly used for handling flood releases, due to their inherent benefits, particularly those related to energy dissipation. Among the diversity of construction techniques for which a stepped chute turns out to be an attractive solution, the popularity of roller compacted concrete placement on new and rehabilitated dams has prompted interest in researching the hydraulics of stepped spillways, for medium to large unit discharges. In this paper, some main applications of stepped chutes are briefly described, with a particular focus on recent engineering challenges on spillways over concrete gravity or RCC dams, questions raised and some answers proposed. Some peculiar, eventually paradoxical aspects of the non-aerated and self-aerated skimming flows on steeply sloping chutes are addressed, in light of the self-aerated flow on smooth spillways. Later, a brief review of possible future research topics in this captivating field of research is included.
INTRODUCTION
Stepped channels and spillways have been used since Antiquity, the respective design being oriented to increase the stability of the structure or to dissipate flow energy (Chanson, 2002) . In analogy with mountain streams, energy may be dissipated in a series of drops, thus avoiding a substantial increase in the flow velocity and the specific energy at the toe of an unique large drop.
A significant number of dams used the stepped spillway concept during the 19 th century and early 20 th century. The New Croton dam, a 90.5 m high masonry dam completed in 1905 in the USA, and located 65 km north of New York city, can be considered a notable application of the stepped spillway concept in the 19 th century. The overflow stepped channel spillway, consisting of granite blocks with mortared joints, was designed for a maximum discharge of 1,550 m 3 /s, the largest built up to this time (Wegmann, 1911 , in Chanson, 2002 , Hager & Pfister, 2013 . The slope of the spillway is identical to that frequently adopted in roller compacted concrete (RCC) dams (53º), even though the design unit discharge is, as expected, relatively small (5 m 2 /s), in light of the current trends worldwide.
Another emblematic example is the Gold Creek dam, an earthen dam completed in 1885 and located on the outskirts of Brisbane, Australia. Five years after completion, and subsequently to various refurbishments, the dam was re-equipped with a new concrete stepped spillway to replace the damaged unlined-rock channel (Chanson & Whitmore, 1998) . According to these authors, it is the only stepped weir built in Queensland before 1900, and is, so far as they were aware, the first concretestepped spillway built for a large dam. A photograph of the stepped chute is shown in Figure 1a , while some photographs of the cascading white-waters on the spillway at low overflow can be seen in Chanson & Whitmore (1998) .
In recent years, a significant number of embankment dams have been considered unsafe due to inadequate spillway capacity and predicted overtopping during extreme flood events. Among the common structural remedial measures, providing for safe overtopping has gained acceptance for existing small embankment dams, which constitutes the majority as regards recent ICOLD statistics of dam failures (Berga, 1995) .
A remarkable study of stepped spillways was carried out by Gaussmann & Madden (1923) on the Gilboa dam in New York (also in Hager & Pfister, 2013) . The masonry part of the dam, with a maximum height of 49 m and formed by large, 6 m high, steps, was believed to be the highest overfall dam constructed at the time (Gaussmann & Madden, 1923) . Experiments were carried out on three distinct scales, 1:50, 1:20 and 1:8, under a prototype approach flow head approximately equal to 0.9 m.
After such impressive study, a limited number of research studies were conducted on the hydraulics of stepped spillways until the 1980's (e.g., Essery & Horner, 1978 , Stephenson, 1979 . In early 1980's, a model study was conducted to investigate the feasibility of a stepped spillway for Upper Stillwater dam, the first roller compacted concrete dam constructed by the U.S. Bureau of Reclamation and also the first stairstepped spillway of its size in the USA (Young, 1982 During the period 1985-2000, and according to Chanson (2000) , the international database Science Citation Index (The Web of Science) had listed 14 papers and 21 discussions and closures on stepped-spillway, or stepped chute, hydraulics, all but two having been published between 1990 and 2000; further one book (Chanson, 1994) had also been listed in the database Global Books in Print. Since then, another book was published (Chanson, 2002) and a significant number of design or research-oriented studies were conducted worldwide, either experimental, numerical or composite studies: i.e., a "big-bang" in research! In this paper, after a general introduction on the topic, particular focus is given on the hydraulics of stepped spillways over steep gravity dams for moderate to high unit flow rates. Some peculiar, eventually paradoxical aspects of research, are addressed, such as: can the self-aerated flow on stepped spillways for high flow rates, be similar to that found on conventional (smooth) spillways, and modeled with similar tools? On the other hand, can the depth-averaged air concentration be significant in the apparently smooth, "non-aerated" flow region? Can the total (entrained and entrapped) air decrease along the chute? Can the mean water velocity increase when decreasing the flow rate, for an identical location on the same chute? Can cavitation occur, without leading to damage on the stepped surfaces? Finally, this study is concluded with an assessment of future research topics in such a captivating field. Table 1 list some concrete and RCC dams incorporating a stepped spillway on the downstream face. Many of the dams have incorporated a stepped spillway with the benefit of hydraulic model investigations. An extensive list of prototype applications and physical model studies are included in Chanson (2002) .
The most common form of spillway used on RCC dams has been the uncontrolled crest, in result of the economies inherent to this form of structure and their ease of construction. Nevertheless more recent RCC dams have been designed and constructed with gated spillways. After an initial period where the discharge per unit length was in general limited to 20 m 2 /s, significantly larger unit discharges have been considered more recently, such as for Pedrógão dam (unit design discharge q=40 m 2 /s), Shuidong dam (q=100 m 2 /s), or Dachaoshan dam (q=165 m 2 /s) ( Table 1) .
As far as it can be assessed, the performance of stepped spillways on RCC or concrete gravity dams dams in service has been satisfactory, the steps being intact or in good operational order. A major prototype experience was however that of the Shuidong dam in China. Shortly after beginning the operation, the dam experienced a large flood (nearly 100 year return period). The flood discharge reached 5397 m 3 /s, which corresponds to a unit flow of 90 m 2 /s, fairly close to the design value. During the event, visual observation of the site was made and no abnormal phenomena occurred. Subsequent examination showed that the steps remained intact (He & Zeng, 1995) .
In addition to gravity or arch-gravity RCC dams, the RCC protection technique has gained acceptance for overtopping protection of embankment dams, particularly in the USA (Bass, 2000 , McLean & Hansen, 1993 , Chanson, 2002 , Frizell, 2006 , Hunt et al, 2008 . Typical examples of embankment dam overtopping protection with RCC are shown in Figure 3 . Although most of the RCC stepped overlays for overtopping protection have not yet been subjected to large flows, close to the design value, some have experienced significant spills (e.g., Ocoee 2 dam, USA), while others have passed low flows. A review of the performance of several projects is included in McLean & Hansen (1993) . EM -Elviro & Mateos (1992) ; FR -Frizell (1992) ; GE1 -Geringer (1995); GE2 - Geringer & Officer (1995) ; GO -Goubet (1992) ; GU - Guo et al (2003) ; HO -Houston (1987 
QUESTIONS RAISED TWO DECADES AGO: AND WHAT ABOUT TODAY?
The hydraulics of stepped spillways raised several questions in the past, and still continues to raise some today, despite the relevant and broad research carried out in the last decades.
In a captivating paper published almost two decades ago, Geringer & Officer (1995) discussed the state of knowledge of the hydraulic behaviour of stepped spillways, identified shortcomings that should be addressed in the future, and emphasised the need to establish a generalised theory which could be useful to all designers. The paper ended with the following pertinent question: "how many RCC dam designers have rejected viable and economic stepped spillway proposals in favour of more costly conventional methods, purely because of a lack of hydraulic knowledge?"
Typical questions being raised were then listed by Geringer & Officer (1995) , as pointed out below.
Most of them would also be valid for other stepped spillways, such as over concrete gravity dams, or for RCC stepped overlays.
 Will a state of equilibrium be reached from where uniform flow conditions will occur as has been indicated on model tests to date?
 Will the flow velocities on high spillways increase above that observed for lower dams for the same discharge?
 Will the aeration be of the same magnitude down the spillway height as that observed for lower dams?
 What is the bulking effect on curved spillways, with their ends tapered in plan, commonly found at arch/gravity dams?
 What are the magnitude of the forces and the pressure distributions on the steps?
 Will cavitation occur and if so, will it lead to the destruction of the steps?
 Are the steps capable of continuously aerating the flow down the spillway or are additional aeration measures required?
 What are the actual flow patterns occurring on the steps?
 Will other forces imposed on the steps lead to their eventual destruction? If so, what operational life span can be expected?
 What energy dissipation can be expected at the toe of the dam under various discharges?
 What maximum unit discharge for which a stepped spillway can be designed to ensure a problem-free operational life?
 Experimental work done on stepped spillways has been limited to small scale models. What kind of results will be obtained from a 1:15 scale model which is considered to be the order of scale that will provide acceptable results on the hydraulic action of steps?
In spite of the broad and significant research conducted worldwide in the last two decades, with recognized advances in the understanding of stepped spillway hydraulics, both the scientific and technical hydraulic communities were not able to find appropriate responses to some of the questions raised by Geringer & Officer (1995) .
The response to the fist apparently basic question, related to a state of equilibrium be reached down the chute slope, is still today not fully consensual. Even though uniform flow conditions seem to have be attained in various model studies, for given chute configuration and flow conditions (e.g., Christodoulou, 1999 , Pegram et al, 1999 , Boes and Hager 2003a ,b, André, 2004 , Relvas & Pinheiro, 2008 , Bung, 2011 , Pfister & Hager, 2011 , Takahashi & Ohtsu, 2012 , it has also been suggested that flow resistance in skimming flows is not an unique function of the flow rate and stepped chute geometry, and it has been hypothesized that the form drag process may present several modes of excitation that are functions of the inflow conditions (Chanson, 2006 , Felder & Chanson, 2009a .
The second, third and tenth questions seem to be more consensual today. In fact, for identical discharge, various studies indicate a trend of increasing velocity down the steep chute, even though the mean velocity may decrease locally, due to the undulation of the free surface (e,g., Matos, 2000 , Chanson, 2002 , Boes & Hager 2003b , Renna, 2004 , Gonzalez & Chanson, 2007 , Bung, 2011 , Meireles, 2011 . For high dams, in the developing flow region downstream of the inception of air entrainment, the magnitude of aeration varies down the spillway height (e.g., Chamani and Rajaratnam, 1999 , Matos, 2000 , Boes & Hager, 2003a , Pfister & Hager, 2011 ; for lower dams, in contrast, the inception of air entrainment may even not take place for high flow rates (e.g., Chanson, 2002 , Hunt & Kadavy, 2010 . Various studies have addressed the energy dissipation on stepped spillways, and simple methods have been proposed for estimating the energy dissipation or the residual energy (e.g., Pegram et al, 1999 , Chanson 2002 , Matos, 2002 , Boes & Hager, 2003b , Simões et al, 2008 , Takahashi & Ohtsu, 2012 .
The bulking effect on curved spillways (point four), is a topic that should require experimental investigation. However, various design or research oriented studies have already been conducted on converging stepped spillways, either for typical embankment dam slopes (e.g., Frizell, 1990 , André et al, 2005 , Hunt et al, 2008 , or for RCC or concrete gravity dams (e.g., Hanna & Pugh, 1997 , Hakoishi & Sumi, 2000 , Willey et al, 2010 .
With regards to the magnitude of the forces and the pressure distributions on the steps (fifth query), some relevant information has been published in the last decades, namely by Gaston (1995) , Baker (1992) Gomes (2006) , Gomes et al (2006) , Relvas (2008) and Relvas & Pinheiro (2011) , among others.
Recent studies suggest that cavitation may occur on skimming flow over steeply sloping stepped chutes (point six), such as those by Gomes (2006) and Amador (2005) , or Amador et al (2009) , from the analysis of the extreme negative pressure field on the step faces, or by Frizell et al (2013) , using laboratory experiments in a specialized reduced ambient pressure chamber. However, in spite of significant flood releases which have already occurred in some large dams (e.g., Shuidong and Dachaoshan RCC dams in China, Dona Francisca dam in Brazil), cavitation damage has not been reported, nor precise information has been found on the operational life span that can be expected on stepped spillways.
For high unit flow rates on large dams (query seven), the length of the non-aerated flow region may be significant, with high velocities being reached on the chute. Under such circumstances, additional aeration measures may possibly be required in order to avoid cavitation damage, such as by means of bottom aerators (Pfister et al, 2006 , Zamora et al, 2008 .
The flow patterns occurring on the steps (question eight) have been studied qualitatively (e.g., Matos et al, 1999) , and quantitatively, including experimental data obtained in the step cavities, in the nonaerated flow region (e.g., Amador, 2005 , Amador et al, 2006a , and also in the aerated flow region, namely by Boes (2000a) , and Felder (2013); however, a thorough understanding of the three-dimensional flow patterns on the step cavities is still lacking.
In spite of the information recently gained on the actions imposed by the flow on the step surfaces (questions nine; eleven), in particular on steeply sloping chutes, as well as the possible occurrence of cavitation, a definite answer has not been given so far on the maximum unit discharge for which a stepped spillway can be designed to ensure a problem-free operational life.
In addition to small scale model studies (point twelve), prototype and quasi-prototype tests have also been conducted in recent years, in particular for stepped spillways typical of those found on embankment dams (Ruff & Frizell, 1994 , Gaston, 1995 , Ward, 2002 . Even though such studies were able to provide important findings, including those related to self-similarity (e.g., air concentration and velocity profiles, main flow properties down the chute, namely at equilibrium), a precise evaluation of scale effects was not provided. Some relevant filed testing was also carried out on major stepped spillways, namely in China (e.g., Dachaoshan dam). However, the particular spillway configuration (e.g., including flaring-pier gates and 2 m high flip bucket next to the end of the piers), cannot allow a generalization of the obtained results to other conventional chute configurations, namely with regard to the maximum unit discharge to ensure a cavitation damage-free operational life.
Some important studies have been also developed from model families of fairly large-size stepped chutes, providing useful information on the limiting scale factors to prevent significant scale effects, with a focus on air concentration (void fraction) and velocity (e.g., Boes, 2000a ,b, Chanson & Gonzalez, 2005 , or even on detailed bubble and turbulence flow properties (e.g., Chanson and Toombes, 2002b , Felder & Chanson 2009b , Felder, 2013 . A more general review of scale effects in modelling two-phase air-water flows is given in Pfister & Chanson (2013) . Therein it has been shown that the selection of the criteria to assess scale effects is critical, and the need for full-scale prototype data is emphasised.
In addition to the hydraulics of conventional stepped spillways, a variety of experimental studies have also been carried out on non-conventional geometries. Examples include stepped spillways with macro-roughness (e.g., André, 2004 , Bung & Schlenkhoff, 2010 , with non-uniform step heights (Felder & Chanson, 2011) , in combination with Piano Key Weirs (Silvestri et al, 2013a,b) , or without training walls (e.g., Estrella et al, 2012) .
Further, experimental studies on air-water mass transfer have also been conducted in the last two decades, showing how stepped spillways might be beneficial for promoting gas transfer in environmentally sensitive river environments. On the one hand, they show the significant potential of stepped cascades to increase the air-water mass transfer (e.g., McKenna, 2001 , Chanson & Toombes, 2002a , Toombes & Chanson, 2005 , Felder & Chanson, 2009a , Schlenkhoff & Bung, 2009 ). On the other hand, the large energy dissipation on stepped spillways can be considered key to preventing the flow from plunging to great depths, thus supersaturating the downstream river (e.g., Ahmann & Zapel, 2000 , Frizell, 2006 .
The last couple of decades have also witnessed significant insights on the turbulent flow properties in non-aerated (Amador et al, 2006a,b) , or in aerated flows (e.g., Chanson & Toombes 2002b , Felder & Chanson, 2009b . According to these studies, the flow properties highlight the intense turbulence in the mixing layer downstream of the step edges, associated with large shear stresses and, in the aerated region, with bubble turbulence interactions. Further it was shown that turbulence could be enhanced, namely by controlling the cavity recirculation using triangular vanes, or longitudinal ribs (e.g., . In addition, numerical modelling tools have been increasingly applied and compared with experimental data from physical models (e.g., Chen et al, 2002 , Carvalho & Amador, 2008 , Willey et al, 2010 , Bombardelli et al, 2011 , Simões et al, 2012 , Meireles et al, 2014 .
One may state that there is still today a gap between advanced research into multiphase flow turbulence and turbulence modulation by air bubbles, and spillway hydraulic design. In fact, the prediction capability of the Computational Multi-phase Fluid Dynamics (CMPFD) models for the aerated flow region is not as good as for the non-aerated zone, as stated in . Also according to the same author, comprehensive Complete Two-Fluid Models (CTFM), together with reliable entrainment models, might provide the adequate prediction capability of all those variables in stepped spillways. Hence, it is judged that the experimentally-based knowledge that has been, and continues to be, gained in the air-water turbulent flow properties, will be important for the calibration and verification of the CMPFD models in the next decades. Essery and Horner (1978) categorised the various types of flow which occur down stepped spillways. According to these authors, visual comparison indicated that two types of flow existed: nappe flow, which is distinguished by the formation of a nappe in each drop and skimming flow, which is typified by both the complete submergence of the steps, no nappes being formed as such, and the high air content in the flow. Identical definitions of nappe and skimming flow have been adopted in many subsequent studies (e.g., Figures 4, 5 ). However, in contrast with the definition of Essery and Horner (1978) , skimming flow on certain types of weirs or small dams may not be typified by the high air content the flow (Figure 4b ).
FLOW REGIMES ON STEPPED SPILLWAYS: IS THE VIRTUE IN THE MIDDLE?
Further to the commonly reported nappe and skimming flows, an intermediate or transition flow regime was also observed by Essery and Horner (1978) for slopes lower than 23º, and subsequently by Diez-Cascon et al (1991) and Elviro & Mateos (1995) , on 50º steep slopes (Figure 4c,d) . Hence, for a given channel slope and step height, with increasing flow rate (or relative critical depth d c /h) the flow regime evolves from nappe, then transition, and finally a skimming flow takes place along the channel. Proposals to estimate its occurrence, relating d c /h in function of the chute slope (h/l), were first presented by Ohtsu & Yasuda (1997) , and a few years after by other researchers.
On conventional stepped chutes (without endsill or macro-roughness), the influence of the chute slope on the onset of both transition and skimming flows is relatively small, in particular for slopes typical of those existing on the downstream slope of most concrete gravity or embankment dams. In fact, on 27º and 50º sloping chutes, the onset of transition flow occurs for d c /h ~0.7 to 0.5, whereas the onset of skimming flow takes place for d c /h ~1 to 0.8, respectively. Experimental studies were also performed to characterize the flow properties of the transition flow regime, such as those by Toombes (2002) and Chanson & Toombes (2004) , in which the chaotic flow motion associated with intense splashing was shown.
A peculiar phenomenon of self-induced instabilities on pooled stepped spillways was found to occur, either on the nappe or transition flow regimes. Such a phenomenon, highlighted in Chanson (2002) , was further addressed by Thorwarth & Köngeter (2006) and Thorwarth (2008) , on the transition flow regime on a 8.9º slope, and by Felder (2013) and Felder & Chanson (2014) , either on the transition flow on a 8.9º slope, or on the nappe flow regime on the 26.6º chute. On the former chute slope, much stronger self-induced instabilities were observed on the transition flow regime, for 1.08 ≤ d c /h ≤ 1.76, whereas on the nappe flow regime for the 26.6º sloping chute, the pulsations occurred for 0.30 ≤ d c /h ≤ 0.45 (Felder, 2013) . Hence, it appears that with regard to flow regimes on stepped cascades, the virtue may not be in the middle! 
SKIMMING FLOW ON STEEP SLOPES: LABYRINTHS OF RESEARCH

Skimming and self-aerated chute flows: what are the differences?
Similarly to high-velocity flows on smooth spillways, skimming flow down stepped spillways can be divided into two main regions ( Figure 6a ): a clear-water flow region close to the spillway crest, where the boundary layer grows from the spillway floor and the water surface is quite smooth and glassy; and an air-water flow region downstream of the point of inception of air entrainment (Wood, 1985 , 1991 , Chanson, 1996 .
Despite the clear similarities observed in such air-water flows over smooth and stepped chutes, some distinctive, eventually "hidden" features have been reported in many physical model studies to date (e.g., Chanson, 2002 , Matos, 2000 , Chamani 1997 , Boes & Hager 2003a , Sanchez-Juny et al 2000 , Amador et al 2006a ,b, 2009 , Pegram et al, 1999 , Othsu & Yasuda, 1997 .
One of the noticeable differences is related to the three-dimensional free-surface deformation upstream of the inception point, which is responsible for the transport of entrapped air along with the flow (Figure 7 ). Even though similar observations have been pointed out by Anwar (1993) , in a small slope weir, the impact of free-surface undulations in skimming flow seem significant when compared to that eventually attributed to smooth chutes (Wood, 1991) . The strong interactions between the flow turbulence and the free-surface during the operation of Hinze dam, in Australia, can be seen from the video movies recorded by Chanson (2013b) . The video observations highlighted the surface scars immediately upstream of the inception point, which, according to Chanson (2013b) , were believed to be evidences of elongated hairpin vortices generated by boundary friction.
Another distinctive feature of the skimming flow can be observed in the vicinity of the point of inception, due to the significant flow bulking and so called "rooster tail" (Chamani, 2000) caused by impact of the internal jet on the horizontal face of the step (Figure 6b ). As a result of the highly macroroughness induced turbulence, a rapidly varied air-water flow takes place in a short region further downstream, in contrast with the traditional concept of gradually varied self-aerated flow on smooth chutes. Therein the rate of growth of the air-water mixture layer within the flowing fluid is significant. Pfister & Hager (2011) have also conducted visual observations with a high-speed camera and air concentration measurements in the vicinity of the pseudo-bottom air inception point on a stepped model spillway. It was shown that self-entrainment into the step niches is a consequence of recurring significant surface troughs combined with bubbly flow, protruding to the steps. A vortex was also observed in such context, similarly as shown in Chamani (1997 Chamani ( , 2000 .
Downstream of the rapidly varied flow region, a trend of slight increase of the air concentration with the distance is noticeable. However, the air concentration follows a wavy pattern and a decrease in the air concentration with distance may occur. On a practical standpoint, the waviness in the main flow properties may be considered negligible, and so the flow will become virtually quasi-uniform far downstream from the point of inception. Hence for a given discharge, the main flow properties such as the mean air concentration, equivalent clear water depth, mean water velocity and specific energy will practically not vary along the spillway.
In the step cavity underneath the skimming flow, three dimensional vortices develop , Chanson, 2002 . This phenomenon may be illustrated by means of wool fibres of identical size fixed on each step face (Figure 8 ). Those fixed near the edge of the vertical step faces (in red) show that the direction of the flow near the edge is practically aligned with the pseudo-bottom ( Figure 8a) ; however, the effect of the vorticity is noticeable in the terminal part of the wool fibres. The wool fibres which were fixed on the centre of the horizontal step faces (in black) show the more pronounced effect of the impinging jet on the first step (the wool fibre is stretched on the horizontal step face) and the predominance of the recirculating flow on the subsequent step (the wool fibre is contorted towards the vertical face of the respective step). It is also evident that the recirculating vortices are three-dimensional, as shown by the wood fibres fixed in the transverse direction of the step cavity (Figure 8b ). 
Definitions
The local air concentration C is defined as the time-averaged value of the volume of air per unit volume of air and water. The mean (depth-averaged) air concentration is defined as
where y is measured perpendicular to the pseudo-bottom formed by the step edges and Y φ is the depth where the air concentration is φ (%). For the hydraulic design of stepped chutes, φ is typically 90.
The equivalent clear water depth d φ , and, for φ=90 only, the mean water velocity U, the cavitation index σ, the friction factor for air-water flow on a wide chute f aw , and the specific energy H (for gradually varied flows), can respectively be obtained from:
where q is the unit water discharge, P is the local reference pressure (atmospheric pressure P atm plus hydrostatic pressure term), P v is vapor pressure, S aw is the friction slope of the air-water flow, θ is the chute slope, and α is the kinetic energy correction coefficient for air-water flow (as per Wood, 1991 , Chanson 1996 , Matos, 1999 .
In the following sections, the experimental data referred to the facility assembled at LNEC (National Laboratory of Civil Engineering, Lisbon) was collected in the central zone of a 1.0 m wide chute, hence in the absence of chute wall effects. Measurements previously performed in various verticals of the transverse direction showed practically constant time-averaged air concentration and velocity profiles, for a given flow rate.
Aeration inception: location and main flow properties
In light of the importance in evaluating the type of flow region (aerated or non-aerated) for a given stepped geometry and flow rate, various experimental studies have included the determination of the location and related flow properties of the inception point on skimming flow over stepped spillways. Most of those formulae were obtained for uncontrolled intake spillways, such as those developed and further validated by Chanson (1994 Chanson ( , 2002 , against data acquired in a broad range of chute slopes, ranging from 6.8º to 59º. Other formulae were based on a more limited set of slopes, ranging from 30º to 50º (Boes & Hager, 2003a) , 18º to 30º (André, 2004 , Relvas & Pinheiro, 2008 , Hunt & Kadavy 2013 , or even limited to steeper slopes of about 50º, typical of RCC or conventional concrete gravity dams (Tozzi, 1992 , Mateos & Elviro, 1997 , Chamani, 2000 , Matos, 2000 , Sánchez-Juny, 2001 , Amador et al, 2009 , Sanagiotto, 2003 . In Chanson (2006) , new formulae were proposed for gated spillways or pressurized intakes, demonstrating that the flow properties at inception of free-surface aeration are substantially different with pressurized intake.
A diversity of methods have been used to estimate the location and related flow properties of the inception point on skimming flow over stepped spillways, such as those based on: i) the visual observation of the cross section where there is a continuous presence of air within the flow surface, at the sidewalls or within the step cavities (e.g., Sorensen, 1985 , Tozzi, 1992 , Bindo et al, 1993 , Chanson 1994 , Mateos & Elviro, 1997 , Sánchez-Juny, 2001 , Chanson & Toombes, 2002c , Yasuda & Chanson, 2003 , Sanagiotto, 2003 , Dai Prá, 2004 , Relvas & Pinheiro, 2008 , Bung, 2009 ; ii) the observation of the cross section where C = 0.01 at the pseudo-bottom -the pseudo-bottominception point (Boes, 1999 , Boes & Hager, 2003a , Pfister & Hager, 2011 ; iii) the determination of the intersection of the outer edge of the developing boundary layer with the free surface (Matos et al. 2000b; Amador et al, 2009 , Meireles & Matos 2009 ; and; iv) on the observation of the cross section where the mean (depth averaged) air concentration, equals 0.20 (Bung, 2011) . The latter was adopted in order to assure compatibility with other authors' findings (e.g., Boes & Hager, 2003a , Matos et al, 2000b ). Fig. 9a shows typical data on the location of the inception point obtained by several authors using different criteria and different configurations (e.g., spillway slope and step height), although all data pertain to steep stepped spillways with ogee crests. The stream-wise coordinate at the inception point, normalized by the roughness height perpendicular to the pseudo-bottom (k = h cos θ, where θ is the spillway slope), is expressed as a function of the roughness Froude number,
where g is the acceleration due to gravity).
The results of L i defined by the intersection of the outer edge of the developing boundary layer with the free surface (velocity and air concentration data) are smaller than those obtained by visual observation particularly for small values of F * (~10-15). For larger values of F * , the differences are reduced to 10 to 15%. Also, since the position of the first cross section of air entrainment varies with respect to the mean temporal inception point, the air concentration below the free surface waves is slightly higher than zero, and even a very small, non-zero value may in some cases be observed near the pseudobottom at the mean temporal inception point. Hence, the location of the pseudo-bottom-inception point does not differ significantly from that obtained from the boundary layer approach, the relative differences being limited to 10% for F * > 5.
With regard to the equivalent clear water depth (Figure 9b) , the results from all methods provide fairly similar results, with relative differences been limited to 15% in relation to Chanson (2002) and Sanagiotto (2003) , and lower than 10% in comparison to Boes & Hager (2003a) and Amador et al (2009) . The slightly higher values of the data obtained by visual observation are not unexpected, due to the occurrence of some bulking near the sidewalls, in addition to the flow waviness, so that a typical mixture depth is read by visual observation.
For the LNEC steep sloping chute, the mean air concentration at the inception point exhibits an almost constant trend, regardless of the step height and unit discharge (C mean ~ 0.2). A similar conclusion was found by Boes & Hager (2003a) , with C mean = 0.22 for identical slope.
The visual observation data obtained at the steeply sloping LNEC chute lie close to the data originating from most other studies for identical slopes. Prototype data, obtained at Pedrógão dam , and at Dona Francisca dam (Sanagiotto et al, 2012 , Dai-Prá et al, 2013 are generally in agreement with the laboratory results obtained by visual observation, except for small values of F * .
The location and equivalent clear water depth at the inception point down 53º stepped spillways with an ogee crest profile, based on the intersection of the outer edge of the developing boundary layer with the free surface, can be estimated by :
where L i is the distance from the start of growth of the boundary layer, and i d the equivalent clearwater depth at the inception point. If the relation σ cri = 4 f is applied for predicting the incipient cavitation in skimming flows (Frizell et al, 2013) , where f is the friction factor, estimated from the reanalysis of closed conduit data for 53º sloping chutes gathered by Tozzi (1992) , one may obtain, at the inception point (after Matos et al., 2000a) :
In Figure 9d , Eq. (9) and (10) are plotted as a function of F * . The results suggest that incipient cavitation would occur on such steep slopes at the inception point for σ i ~ 0.55-0.75, hence F * values of about 9 and 30 for step heights h = 1.20 m and 0.60 m, respectively. These values are approximately equal to those found by Frizell et al (2013) for the 68º steep slope, using laboratory experiments in a specialized reduced ambient pressure chamber (σ i ~ 0.63); they are also of the same order of magnitude as those obtained by Gomes (2006) 
The clear-water flow region
In the initial portion of the clear-water region (region 1, Figure 6 ), the boundary layer starts growing from the spillway floor and the water surface is quite smooth and glassy (Chanson, 2002) . Near the pseudo-bottom, as well as in a significant part of the profile, the air concentration is equal to zero, in contrast with the upper part of the profile, where a fast increase in the air concentration is observed, due to the entrapped air in the free surface wavy zone. Close to the inception point, air-bubble entrainment occurs due to the unsteadiness of the inception point location; hence, larger values of the air concentration occur within the wavy zone. In addition, the air concentration immediately below the wavy zone departs from zero , Pfister & Hager, 2011 .
The mean entrapped air concentration increases from zero at the crest up to about 0.15 in the constant sloping region (0.25 ≤ L/L i ≤ 0.8), irrespective of the normalized critical depth d c /h. In the vicinity of the inception point, an increase of C mean occurs up to about 0.2, because of the increase of turbulence and some entrained air in the flow. The experimental results presented by Pfister & Boes (2014) are quite similar to those of Meireles et al (2012) , except for small L/L i , where the dissimilarities on the ogee profile or inlet flow conditions, along with distinct methodologies for estimating L i , will likely have an increased impact on the entrapped air near in such region.
In Figure 10a , typical normalized equivalent clear-water depths in steeply sloping chutes (45º to 53º) are plotted against the normalized distance L/L i , where d i and L i were obtained from the intersection of the outer edge of the developing boundary layer with the free surface (velocity and air concentration data) . A rapid decrease in the equivalent clear-water depth is observed in the ogee profile, whereas a more gradual, quasi-linear trend is noticeable further downstream. The influence of the normalized critical depth was found to be negligible, and a unique relation d/d i versus L/L i seems to describe well the equivalent clear-water depth development up the point of inception. Similar findings were obtained for 26.6º sloping chutes (Meireles & Matos, 2009) , either from the empirical approach, or by the application of Chanson (2002) stepped chute calculations for the nonaerated flow region.
The normalized characteristic flow depths with air concentrations of 90, 95 and 99% (Y 90 /d, Y 95 /d and Y 99 /d, respectively) are considerably greater than 1 in the constant sloping region (0.25 ≤ L/L i ≤ 0.8), as expected due to the free-surface unsteadiness (Figure 10b ). The fluctuating, wavy profile is noticeable in particular for Y 99 /d. The data obtained by Pfister (2002) for Y 90 /d and Y 95 /d (in Pfister & Boes, 2014) are of the same order of magnitude to those obtained by Meireles et al (2012) , except for small L/L i , similarly as noted in regard to the development of the mean air concentration. Even though the time-averaged position of the free-surface in a given vertical, defined for C = 99%, may exceed 1.6 times the equivalent clear-water depth at the inception point, the most critical regions are in the initial reach due to greater values of the flow depth . The results obtained from LNEC data indicate that the height of the sidewalls upstream of the point of inception may be limited to two times the equivalent clear water depth at the point of inception, given by Eq. (8).
With regard to the rate of energy dissipation, values lower than approximately 0.3 were obtained in the non-aerated region, similarly as observed by Meireles & Matos (2009) and Hunt & Kadavy (2010) for flatter slopes, and much smaller than that usually reported on steeply sloping stepped spillways.
A detailed, relevant, study of the non-aerated flow region in a steeply sloping stepped spillway was conducted by Amador (2005) , Amador et al (2006a,b) . In such study, the particle image velocimetry technique (PIV) was used to characterize the developing flow region, namely the growth of the turbulent boundary layer, the flow resistance (based on the application of the von Kármán integral momentum equation), as well as other relevant properties of the turbulent flow, such as the shear strain, the vorticity, the swirling length, and the fluctuating velocity field. It has been notably shown that the measured turbulence intensities near the pseudo-bottom were much higher than the maximum levels reported for smooth open channels, explaining the much larger boundary layer growth in comparison to that typically observed on smooth channels. In Chanson (1994) , the rate of boundary layer growth on stepped chutes was found to be 2.8 times larger than on stepped channels. 
The self-aerated flow region
In the last two decades, a significant number of studies on the hydraulics of skimming flows have been dedicated to the study of the flow properties along the chute, either at the macroscopic or microscopic scales.
The highly turbulent air-water skimming flow is inherently complex. Even in steep chutes, where, to the naked eye, the flow above the pseudo-bottom seem similar to that occurring in self-aerated flow on smooth chutes, some distinctive flow properties may be identified, as highlighted below.
Inasmuch of the process of air entrainment on smooth-invert spillways downstream of the inception point, the layer containing the mixture of both air and water extends very rapidly through the flowing fluid, and the mean air concentration (C mean ) increases significantly, attaining a local maximum C mean (local max) over a short distance (Figure 11a ).The rate of growth of the mean air concentration with distance decreases considerably with increasing flow rate on a given chute, that is, for greater values of the normalized critical depth d c /h.
In the cross-section located downstream but nearby that corresponding to C mean (local max), the mean air concentration attains a local minimum C mean (local min), corresponding to the region where the flow curvature promotes the release of entrained air bubbles. In this region of the chute, the flow can be defined as rapidly varied. The phenomenon of entrainment of air into the flow in a curved path has been defined as the "rooster tail" by Chamani (1997 Chamani ( , 2000 . Therein captivating images of the flow structure at the point of inception were constructed after analysing high-speed video images at slower speeds.
Further downstream of the location corresponding to C mean (local minimum), the mean air concentration follows a wavy pattern, the amplitude of which decreases down the chute. Undulating profiles of the median position of the surface were obtained by Pegram et al (1999) , by using a contact probe to map the time distribution of the connected surface of the flow. A trend of increasing C mean down the chute is noticeable, defining the gradually varied flow region. Experimental evidence has shown that the equilibrium mean air concentration in skimming flows is similar to the mean air concentration in uniform aerated flow on smooth-invert chutes of identical slope (e.g., Ruff & Frizell, 1994 , Gaston, 1995 .
The development of the mean water velocity along the chute exhibits a rapid increase next to the point of inception, similarly as observed in the mean air concentration (Figure 11b) . Interestingly, in a short reach between the edges of steps 17 and 19, a considerably smaller unit discharge (d c /h = 1.1) yields water velocities higher than those occurring for a two times greater unit discharge (d c /h = 2.0), at identical locations. Hence, by decreasing the flow rate, the specific energy of the flow may augment at some location down the chute, eventually near the toe, for small dams; in other words, a higher value of the design discharge may lead to an unsafe estimation of the flow conditions at the downstream end of the spillway! A close look at the flow resistance of the air-water flow downstream of the point of inception is judged to explain the above apparent paradox. The friction factor of the air-water flow in a steep chute (Eq. 5) is plotted in Figure 11c , for a range of unit discharges corresponding to d c /h = 1.1 to 2.0. A notable decrease in f aw is observed for all flow rates, particularly for lower values of d c /h. For d c /h = 1.1, the friction factor decreases up to almost 0.05, whereas for d c /h = 2.0, the minimum friction factor doubles that value. But why does such a dramatic reduction of the flow resistance occur? The answer is believed to rely on the drag reduction, similarly as occurred in self-aerated flows on smooth chutes, as notably demonstrated by Wood (1985 Wood ( , 1991 and Chanson (1993 Chanson ( , 1996 . The evidence of drag reduction in skimming flows has also been shown by Matos (1999) , Chanson (2002) , Boes & Hager (2003b) , among others. In Chanson (2002) , experimental data by Chamani & Rajaratnam (1999) , Yasuda & Othsu (1999) and Matos (1999) were reanalysed so as to estimate the friction factor for the air-water flow and a simplified analytical model was adopted for estimating the friction factor for the non-aerated flow. Boes & Hager (2003b) have also illustrated the significant reduction of the friction factor due to air entrainment, noting that it resembled that for drag reduction in smooth-invert chutes due to air entrainment proposed by Chanson (1994) . Therein the ratio f aw /f m was used, where f m is the friction factor estimated on the basis of the mixture flow depth Y 90 .
If the friction factor of a pseudo non-aerated flow on a stepped chute may be estimated from the reanalysis of closed conduit data, as those gathered by Tozzi (1992) , one may obtain the ratio f aw /f as plotted in Figure 11d (Matos, 1999 (Matos, , 2005 . The results suggest that the drag reduction of skimming flow over steeply sloping stepped chutes may even be larger than that for smooth-invert chutes. They also show that for identical mean air concentration, the ratio f aw /f decreases with increasing relative step macro-roughness k/d, similarly to the findings of Chanson (1994) for rockfilled chutes.
A plot of the mean air concentration in function of the normalized distance L * (L * = (L-L i )/d i , where (L-L i ) is the streamwise coordinate originating at the inception point) shows that the influence of the relative critical depth (d c /h) is small (Figure 12a ). It also shows that the location of the section which separates the rapidly from the gradually varied flow regions occurs for L * ~ 30 (Matos, 2000) . Similar findings were obtained by Meireles (2004) and Renna (2004) for slightly larger values of the relative critical depth d c /h. For considerably larger values (e.g., d c /h ~ 4 to 8), the "rooster tail" effect of the mean air concentration is mitigated and a tendency towards a quasi-gradually varied flow condition is noticeable. Also for these larger values of d c /h, the empirical model by Boes & Hager (2003a) fits better LNEC data, as shown in Meireles et al (2005) .
The methodology developed by Wood (1985 Wood ( , 1991 for predicting the mean air concentration downstream of the inception point of self-aerated flows has also been successfully extended to skimming flows, in the gradually varied flow region, namely by Matos (1999) , Chanson (2002) and Renna (2004) . Even though Wood's methodology could not provide a good fit to the data in the rapidly varied flow region, it could also be a valid tool to apply in long stepped chutes, namely for high relative critical depths d c /h (Figure 12a ). Similar conclusions may be drawn in relation to the flow depths d and Y 90 , by applying the gradually varied equations in aerated flow proposed by Wood (1985 Wood ( , 1991 , and readjusted to take into account the dissimilar drag reduction as observed in skimming flows ( Figure  12b ). Even for the lowest critical depth (d c /h = 1.1), that is, very high relative (step) macro-roughness, Wood's readjusted approach fits fairly well to the data, both for d and Y 90 . For higher critical depths, the fit is also good, namely in the gradually varied flow region, as shown in Matos (1999) . Hence, the milestone prototype data gathered by Cain (1978) in the Aviemore dam spillway, more than three decades ago, allowed not only the successful modelling of self-aerated flows on smooth chutes, but also on very rough (stepped) spillways! Also remarkable is the very good fit of the simple diffusion model for air bubbles also proposed by Wood (1985 Wood ( , 1991 , not only in the gradually varied flow region but also in the rapidly varied one (Figure 13 ), either for low or high relative critical depths, as shown in more detail in Matos (1999) and Meireles (2004) . More elaborated advection diffusion models for air bubbles (Chanson, 1996 , Chanson & Toombes, 2002b ) also fit well the data acquired at LNEC chute, similarly as observed in various other studies in skimming flow over stepped spillways.
With regard to the velocity distributions, data acquired in the clear-water or aerated flow regions was found to be well adjusted by a power law, as well as obtained in several other research studies in smooth or stepped spillways, for skimming flows. Even though the exponent varies with flow rate and distance along the chute, for a given step height and chute slope, the overall values on both regions are not significantly different.
After computing the equivalent clear water depth and the kinetic energy coefficient for air-water flows (Wood 1985 , 1991 , Chanson 1996 , Matos, 1999 , Ohtsu et al 2004 , 2005 , it is then possible to estimate the specific flow energy (Eq. (6)) along the chute. From the mean air concentration and equivalent clear water depth, the characteristic flow depth Y 90 may also be calculated (Eq. (2)). Using different upper boundary values for defining the characteristic depth practically do not influence the equivalent clear water depth, but may be of importance for side wall design (Figure 14) . Downstream of the point of inception, the maximum value of the ratio Y 95 /Y 90 is limited to 1.2, and practically not influenced by the relative critical depth; a dissimilar situation occurs for Y 99 /Y 90 , where much higher and critical depth dependant values were obtained. It is interesting to note the similar values obtained from Figure 14b (maximum Y 99 /Y 90 ~ 2) and the findings of Ward (2002) and Bung (2013) , for chute slopes typical of embankment dams. In Ward (2002) (also in Frizell, 2006) , a minimum of 2*Y 90 is required to minimize splash over the wall, whereas in Bung (2013) , the maximum wave heights roughly corresponded also to 2*Y 90. f aw /f Chanson (1994) : smooth-invert chutes Chanson (1994) : rockfilled channels 
TOPICS FOR FURTHER RESEARCH
A diversity of topics under the umbrella of the hydraulics of stepped spillways are in need of further research. Stepped spillway hydraulics and aerated flows are, in most practical situations, inseparable.
In his vision paper entitled "Hydraulics of aerated flows: qui pro quo?" (Chanson, 2013c) , the author dives into the aerated flow hydraulics and, according to his view, shared herein, future research into aerated flow hydraulics should focus on high quality field measurements, development of new measurement approaches and data analysis, computational fluid dynamic (CFD) modelling of aerated flows, and the mechanisms of aerated flows in conduits. , in turn, discuss the theoretical and numerical basis for the analysis of two-phase flows through hydraulic structures, presenting at the same time a comprehensive assessment of the prediction capability of those theories.
In addition to future research on aerated flows, other avenues are open specifically to stepped spillways, namely as those discussed in detail in Frizell (2006) , covering various categories, such as hydraulics of embankment dam stepped spillways, hydraulics of stepped spillways for steep gravity dams, and environmental aspects of stepped spillways. Knowledge gaps are also extended to hydrodynamics of very-flat sloped stepped spillway and waste waterway, turbulent interactions between cavity flow and skimming flow, and interactions between seepage and free-surface flows on porous structures, such as gabion chutes and timber crib weirs.
It is judged that the next decade will witness significant advances in the knowledge of stepped spillway hydraulics, such as for converging side walls, without training walls, combined with aerators, in conjunction with Piano Key Weirs, with varying chute slopes, cavitation potential and cavitation damage, and gabion chutes. Further, the analysis of the performance of energy dissipation structures at the toe of stepped spillways (e.g., stilling basins with appurtenances) is certainly among the topics that should inspire additional research in the near future.
CONCLUSIONS
Stepped weirs and dam spillways have been used for more than three millennia. Their contribution to the stability of the structure and to eventually dissipate flow energy may have been the natural drivers for such choices. However, the increased cost saving benefits associated with the Roller Compacted Concrete technique (RCC), either applied on gravity dams or on embankment dam overtopping, has prompted interest in stepped spillway hydraulic research.
Even though most research into stepped spillway hydraulics until the mid 90's was clearly on a more project oriented basis, implying that a comprehensive generalised knowledge was lacking by then, both applied and fundamental research have flourished side by side for the last two decades. Nowadays, "conventional" stepped spillways are applied in standard design practice. In fact, it is impressive to witness the development in this field of research, mostly on physical modelling, but more and more using numerical tools. While we may use today a variety of empirical models developed for predicting the main flow properties along the spillway, such as the depth-averaged mean air concentration, the bulked flow depths, the mean water velocity, the specific energy and the head loss, the air concentration and velocity distributions, some peculiar, intriguing aspects of the hydraulics of stepped spillways remain to enrich future discussions on the topic. Notably, some simple theoretical and numerical tools developed in the past for self-aerated flow on smooth chutes, may be considered adequate to predict some main skimming flow properties over stepped spillways.
From the conventional stepped spillways, and frequently stimulated by practice needs, the research community rapidly initiated the study of other original solutions, such as stepped spillways with macroroughness, converging stepped spillways, stepped spillways without guiding walls, aerators on stepped spillways, and stepped spillways combined with Piano Key Weirs, among other designs. However, and in a certain way paradoxically, a regression may have occurred in the sound design of energy dissipation structures, in particular if these are located downstream of stepped spillways over high dams. Hence, a fantastic window has opened for continuing the investigation on the topic of stepped spillways, and strengthen the links between practitioners and researchers worldwide. To conclude, let us reiterate what a leading practitioner wrote in a Keynote Lecture delivered at the 4 th IAHR International Symposium on Hydraulic Structures (Campbell, 2012) : "Remember, we are not attending the 4 th IAHR International Symposium on Hydraulic Structures because we have chosen the easy path. Let us find common passions and, together, let us choose the right path".
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